. In particular, relative amounts of the major anionic phospholipids phosphatidylinositol (PI) and phosphatidylserine (PS) vary in response to the exogenous inositol concentration (12). Thus, when the inositol concentration is low, PI content is decreased while PS content is increased. The precursor to the synthesis of PI and PS is CDP-diacylglycerol (CDP-DG) (Fig. 1) . This liponucleotide is an important intermediate in yeast phospholipid synthesis, as it is the direct source of the phosphatidyl moiety in phosphatidylglycerolphosphate (PGP), PI, and PS. PGP is then converted to phosphatidylglycerol and cardiolipin, while PS is converted to phosphatidylethanolamine (PE) and phosphatidylcholine (PC) (7). As CDP-DG is located at a crucial branchpoint in phospholipid synthesis, differential regulation of the enzymes which metabolize it may account for the changes in phospholipid composition observed in response to different physiological conditions.
expression decreased initially and then remained constant. Upon the addition of inositol to inositol-starved cells, there was a rapid and continued increase in PI synthase expression. We examined expression of these enzymes in cho2 and chol mutants, which are blocked in the methylation pathway for synthesis of PC. Choline starvation resulted in a decrease in PS synthase and CDP-DG synthase expression in chol but not cho2 cells. Expression of PGP synthase and PI synthase was not affected by choline starvation. Inositol starvation resulted in a 1.7-fold derepression of PGP synthase expression in cho2 but not chol cells when PC was synthesized. PS synthase expression was not derepressed, while CDP-DG synthase and PI synthase expression decreased in cho2 and chol cells in the absence of inositol. These results demonstrate that (i) CDP-DG synthase, PGP synthase, PI synthase, and PS synthase are similarly regulated by growth phase; (ii) inositol affects the expression of PGP synthase, PI synthase, and PS synthase; and (iii) disruption of the methylation pathway results in aberrant patterns of regulation by growth phase and phospholipid precursors. Important dilferences between S. pombe and Saccharomyces cerevisiae with regard to regulation of these enzymes are discussed.
The membrane phospholipid composition of Schizosaccharomyces pombe is affected by the availability of phospholipid precursors (12, 20) . In particular, relative amounts of the major anionic phospholipids phosphatidylinositol (PI) and phosphatidylserine (PS) vary in response to the exogenous inositol concentration (12) . Thus, when the inositol concentration is low, PI content is decreased while PS content is increased. The precursor to the synthesis of PI and PS is CDP-diacylglycerol (CDP-DG) (Fig. 1 ). This liponucleotide is an important intermediate in yeast phospholipid synthesis, as it is the direct source of the phosphatidyl moiety in phosphatidylglycerolphosphate (PGP), PI, and PS. PGP is then converted to phosphatidylglycerol and cardiolipin, while PS is converted to phosphatidylethanolamine (PE) and phosphatidylcholine (PC) (7) . As CDP-DG is located at a crucial branchpoint in phospholipid synthesis, differential regulation of the enzymes which metabolize it may account for the changes in phospholipid composition observed in response to different physiological conditions.
In Saccharomyces cerevisiae, the enzymes which synthesize and utilize CDP-DG are regulated on many levels. Inositol is a key regulator of phospholipid biosynthesis in this lower eucaryote (reviewed in references 7 arid 33). The pathway for conversion of phosphatidate, phosphatidate -) CDP-DG -> PS --PE --PC, is coordinately regulated with PI biosynthesis through the genetic control of inositol * Corresponding author. synthesis (19) . Expression of CDP-DG synthase (21, 22, 28) , PS synthase (2, 10, 21, 27, 28, 34) , and PGP synthase (16) is repressed when wild-type cells are grown in inositol-containing (I+) medium. The level at which PGP synthase is regulated has not been determined, although degradation or inactivation of the enzyme is one likely mechanism (16) . Repression of CDP-DG synthase is evident at the level of the Mr-56,000 subunit (21, 28) . Inositol-mediated repression of PS synthase is apparent at the level of the Mr-23,000 subunit (21, 34) and its corresponding mRNA (2) . Furthermore, inositol is a noncompetitive inhibitor of PS synthase (26) . The overall effect of inositol regulation is the partitioning of CDP-DG to PI at the expense of PS in I+ medium (26) . In addition to regulation by phospholipid precursors, CDP-DG synthase, PGP synthase, and PS synthase are regulated by growth stage (15, 23) . In vitro mixed micelle assays indicate that PS synthase activity is also regulated by phospholipids, suggesting that the phospholipid composition of the membrane may influence phospholipid synthesis (1) . In contrast to the other enzymes, PI synthase expression in S. cerevisiae is not regulated by the precursors inositol and choline or by growth stage (13, 21, 23, 27, 28) .
The steps in the phospholipid biosynthetic pathway of the fission yeast S. pombe are similar to those in S. cerevisiae (12, 20) . However, one major difference is that S. pombe is an inositol-requiring yeast (11, 31 (12, 25) . The cho2 and chol mutants are blocked in the indicated reactions (20) . CDP-DGS, CDP-DG synthase; PGPS, PGP synthase; PIS, PI synthase; PSS, PS synthase; PG, phosphatidylglycerol; CL, cardiolipin; PA, phosphatidate; PDME, phosphatidyldimethylethanolamine. 20) . In response to inositol starvation, S. pombe increases its PS/PI ratio to a greater extent than does S. cerevisiae (12) . In addition, choline represses the enzymes of the PC methylation pathway to a greater extent in S. pombe than in S. cerevisiae (20) . As S. pombe and S. cerevisiae are distantly related evolutionarily (32) 3 ,000 x g for 5 min, and the supernatants were transferred to 15-ml Corex tubes. The 3,000 x g centrifugation was repeated, and aliquots of the supernatants (cell extracts) were stored at -800C.
Assays for protein and enzyme activity. Cell extracts were assayed for protein concentration by the method of Bradford (5), using bovine serum albumin as the standard.
All enzymes were assayed for 20 min at 30°C. CDP-DG synthase (CTP:phosphatidate cytidylyltransferase; EC 2.7. 7.41) activity was measured by monitoring the incorporation of 1.0 mM [5-3H]CTP (6,000 to 8,000 dpm/nmol) into chloroform-soluble material in the presence of 50 mM Tris hydrochloride buffer (pH 7.5), 10 mM MgCl2, 0.5 mM phosphatidic acid, 15 mM Triton X-100, and 10 ,ul of cell extract protein in a total volume of 100 pul (12) . PGP synthase (CDP-diacylglycerol glycerol 3-phosphate 3-phosphatidyltransferase; EC 2.7.8.5) activity was measured by monitoring the incorporation of 0.5 mM [2-3H]glycerol 3-phosphate (4,500 to 6,000 dpm/nmol) into chloroform-soluble material in the presence of 200 mM Tris hydrochloride buffer (pH 7.5), 1 mM MgCl2, 0.6 mM CDP-DG, 6 mM Triton X-100, and 10 ,ul of cell extract protein in a total volume of 100 [lI (25) . PI synthase (CDP-diacylglycerol:myo-inositol 3-phosphatidyltransferase; EC 2.7.8.11) activity was measured by monitoring the incorporation of 0.5 mM myo-[2-3H]inositol (8, Effect of choline on expression of CDP-DG-metabolizing enzymes in choline auxotrophs. Previous studies indicate that choline and disruption of PC synthesis affect expression of phospholipid biosynthetic enzymes. In S. cerevisiae, CDP-DG synthase (22, 28) and PS synthase (2, 10, 27, 28, 34) are maximally repressed when cells are grown with choline inI+ medium. In the absence of inositol, choline does not repress these enzymes (2, 22, 27, 28, 34) . The presence of choline has no apparent effect on the expression of PGP synthase (16) . Mutants deficient in the methylation pathway synthesize PC by the Kennedy pathway when exogenous choline is supplemented (17, 30, 35) . In these mutants, the inositolmediated regulation of PGP synthase is dependent upon PC synthesis, while that of CDP-DG synthase and PS synthase is not (14, 16) .
In S. pombe, the choline auxotrophs cho2 and chol ( Fig.  1) are defective in the methylation pathway of PC synthesis (20) . The cho2 mutant is blocked in the first methylation reaction. When grown in the absence of choline, the cho2 mutant contains reduced levels of all three methylated phospholipids. The chol mutant is deficient in the last two methylation reactions (Fig. 1) . This mutant contains higher levels of phosphatidylmonomethylethanolamine (PMME) than do wild-type cells (20) . As previous studies indicated that mitochondrial PGP synthase is transiently derepressed in these mutants in response to choline starvation (25), we sought to determine whether other enzymes involved in CDP-DG metabolism are similarly regulated. cho2 and chol cells were grown in I+C+ medium, washed, and transferred to I+C-medium at time zero. In cho2 cells, the expression of CDP-DG synthase, PGP synthase, PI synthase, and PS synthase was not significantly affected by the transfer to I+C-medium (Fig. 4) . However, chol cells were more sensitive to choline deprivation. The expression of CDP-DG synthase and PS synthase decreased upon choline starvation of chol cells, while expression of PGP synthase and PI synthase was not significantly affected by transfer to I+C-medium.
Whereas in wild-type cells expression of all four enzymes decreased during the stationary phase of growth (Fig. 2) , in cho2 cells, only CDP-DG synthase expression exhibited this response (Fig. 4B) . Expression of PGP synthase, PI synthase, and PS synthase was relatively constant throughout the growth phase in these cells in the control condition (I+C+) (Fig. 4C to E) . In contrast, the expression of all four enzymes tended to increase in chol cells in the stationary phase of growth (Fig. 4G to J) .
Effect of PC synthesis on the regulation of CDP-DG-metabolizing enzymes by inositol. In S. pombe, inositol-mediated derepression of mitochondrial PGP synthase expression is dependent upon PC synthesis (25) . To determine whether the ability to synthesize PC is required for inositol-mediated regulation of CDP-DG-metabolizing enzymes, we examined these enzymes in cho2 and chol cells starved for inositol in the presence or absence of choline. cho2 and chol cells were grown in I+C+ medium, washed, and transferred to I-C+ and I-C-media at time zero (Fig. 5) .
In cho2 cells, PGP synthase derepressed when cells were starved for inositol only in the presence of choline (Fig. 5D) . PGP synthase derepressed to a maximal level of 1.7-fold and then decreased with the decrease in cell viability. Derepression of PGP synthase did not occur in inositol-starved chol cells in the presence or absence of choline (Fig. 51) . In contrast to wild-type cells (Fig. 2) , PS synthase did not derepress in inositol-starved cho2 or chol cells. In cho2 or chol cells starved for inositol in the presence or absence of choline, the activities of CDP-DG synthase and PI synthase decreased. PI synthase expression in cho2 cell extracts was slightly greater in I-C+ medium than in I-C-medium. cho2 cells were more sensitive to inositol starvation in the absence of choline than were chol cells.
DISCUSSION
Since regulation of CDP-DG metabolism may be key in mediating the changes in phospholipid composition which occur in S. pombe in response to external conditions (12, 20) , we examined regulation of the CDP-DG branchpoint enzymes as a function of factors known to affect phospholipid synthesis. Our results show the following: (i) CDP-DG synthase, PGP synthase, PI synthase, and PS synthase are similarly regulated by growth phase; (ii) inositol affects the expression of PGP synthase, PI synthase, and PS synthase; and (iii) disruption of the methylation pathway results in aberrant patterns of regulation by growth phase and phospholipid precursors.
For wild-type S. pombe cells grown in I+ medium, maximal expression of CDP-DG synthase, PS synthase, PI synthase, and PGP synthase occurred in the exponential phase of growth (Fig. 2) . This pattern differs from that observed in S. cerevisiae, in which CDP-DG synthase and PS synthase are maximally expressed in the exponential phase of growth, PI synthase is relatively constant during the growth phase, and PGP synthase is maximally expressed in the stationary phase of growth (15, 23) .
In addition to regulation by growth phase, expression of the CDP-DG branchpoint enzymes is regulated by inositol. PGP synthase and PS synthase are derepressed in wild-type cells starved for inositol, while CDP-DG synthase is not affected (Fig. 2) . Previous studies have shown an increase in the PS/PI ratio in S. pombe cells when cells are either starved for or grown at suboptimal concentrations of inositol (12) . Our studies show that in S. pombe, this response is probably mediated through the expression of PGP synthase and PS synthase but not CDP-DG synthase. The derepression of PGP synthase and PS synthase during inositol starvation in S. pombe may be in response to the requirement for anionic lipids. These observations are consistent with studies in Neurospora crassa and S. cerevisiae, which tolerate wide fluctuations of individual phospholipids but still maintain an overall constant percentage of anionic lipids (3, 24) .
Particularly intriguing is the observation that in S. pombe, PI synthase expression is regulated by both growth phase (Fig. 2C) and inositol (Fig. 3B) . This finding contrasts with those of studies in S. cerevisiae, which show that PI synthase is constitutive during growth phase and is not regulated by phospholipid precursors (13, 21, 23, 27, 28) . While inositol starvation in S. pombe initially results in a slight decrease in PI synthase expression, its expression is then constant (Fig. 2C) . However, the addition of inositol to inositol-starved cells results in an immediate increase in PI synthase expression (Fig. 3B) . One possible explanation for the increase in PI synthase expression relates to PI metabolism. In other lower eucaryotes, PI is the precursor to the (poly)phosphoinositides as well as the inositol-containing sphingolipids (4, 18, 29) . These or other pathways drawing upon PI pools may explain the rapid increase in PI synthase expression.
Perturbation of the methylation pathway in S. pombe affects growth phase regulation as well as regulation by the phospholipid precursors choline and inositol (Fig. 4 and 5) . While the presence or absence of exogenous choline did not affect expression of CDP-DG metabolism enzymes in wildtype cells (data not shown), the chol but not the cho2 mutant exhibited decreased PS synthase expression and, to a lesser extent, CDP-DG synthase expression when starved for choline (Fig. 4) . The levels of the methylated phospholipids may affect the expression of these enzymes. In the absence of choline, chol cells contain fivefold-greater levels of PMME than do wild-type cells (20) . In contrast to S. cerevisiae, PMME is not adequate to support growth in S. pombe (20) . As previously reported for mitchondrial PGP synthase (25), we observed a derepression of PGP synthase in cell extracts in cho2 cells starved for inositol in the presence of choline (Fig. SD) . Disruption of the methylation pathway altered the inositol-mediated regulation of PS synthase expression (Fig. 5) . This regulation was not restored even upon choline supplementation. These data suggest that a signal in the methylation pathway itself, and not simply PC synthesis, may play a role in the growth phase-and phospholipid precursor-mediated responses.
Previously it has been shown that levels of PS and PI change in S. pombe cells in response to external conditions (12) . Our study suggests that S. pombe can differentially regulate expression of phospholipid biosynthetic enzymes at the CDP-DG branchpoint to mediate these responses. However, the mechanisms employed by S. pombe appear to be different from those utilized by S. cerevisiae to regulate expression of these enzymes. Further studies are planned to identify the basis of these mechanisms in S. pombe. An understanding of these mechanisms may delineate important and conserved functions in eucaryotic phospholipid syntheSiS.
